ABSTRACT The objective of the present study was to evaluate the role of myofiber characteristics and the thickness of 2 major muscle membranes, perimysium and endomysium, in determining the breast meat tenderness of chickens. Birds from 2 breeds (White Leghorn and a line of broiler) were chosen. Chicks were sexed and wing-banded at hatch and were grown in separate cages in a single house. Sixty broilers and 60 White Leghorns were harvested at 6 wk of age, respectively, whereas another 60 White Leghorns were slaughtered at 18 wk of age. An equal number of males and females was maintained for each group. Body weight, breast muscle weight, pH, drip loss, cooking loss, WarnerBratzler shear force value (SFV), total energy of shear force, fiber diameter, sarcomere length, myofiber density, and the thickness of endomysium and perimysium of the breast were determined for each bird. At 6 wk of age, histological examination indicated that the size of myofiber and thickness of endomysium and perimysium of broilers were larger than that those of White Leghorns (P < 0.01), whereas the SFV, drip loss, and cooking loss of broilers were smaller (P < 0.01). A comparison between the White Leghorns at 18 wk and the broilers at 6 wk, which were at similar BW but different ages, showed that the breast muscle weight of broilers was larger (P < 0.01) than that of White Leghorns. For breast muscle, the endomysium of broilers at 6 wk was thicker than that of White Leghorns at 18 wk (P < 0.01), whereas the perimysium was thinner (P < 0.01). The SFV, drip loss, and the cooking loss of broilers were smaller than those of White Leghorns at similar BW (P < 0.01). Meat tenderness was negatively correlated with myofiber density (−0.27) and the thickness of endomysium (−0.29) and positively correlated with the thickness of perimysium (0.20). It is suggested that muscle membrane should be considered in evaluating meat tenderness of the chicken.
INTRODUCTION
Meat tenderness is an important trait in broiler breeding and production. Meat is a fibrous composite material at any level of its structure and as such its macroscopic properties depend on characteristics at all of these levels. Previous studies on the links between several characteristics at tissue level and meat tenderness had provided inconsistent conclusions (Lepetit, 2008) . Brady (1937) , working with muscle tissue of 4 types of beef, obtained a nonsignificant correlation between fiber diameter and shear force. Joubert (1956) demonstrated that a close relationship exists between diameter of muscle fibers and total musculature in lamb. Fiber diameter was a poor indicator of tenderness when the effect of animal age was removed (Tuma et al., 1962) . Recently, some researchers found that the connective tissue played an important role in meat tenderness (Brooks and Savell, 2003; Nakamura et al., 2003) . Endomysium, perimysium, and epimysium make up a network of collagen and elastin fibers embedded in a matrix of proteoglycan. Endomysium is a network of fine and slightly wavy fibrils, whereas perimysium is a network of thick and highly wavy collagen fibers (Lepetit, 2008) . Collagen is an abundant connective tissue protein and is a contributing factor to variation in meat tenderness and texture. Perimysium contains the main proportion of collagen, whereas the endomysium contains lesser of it. The thickness of perimysium (PMT) was shown as an indicator of beef tenderness (Brooks and Savell, 2003) .
Chicken is recommended as an ideal model for muscle-meat research. Broilers and White Leghorn chickens have remarkable differences in growth performance and meat toughness. In the present study, the factors possi-bly affecting meat tenderness were measured in broilers and White Leghorns at the same age or with similar BW, or both, and the effects of the membranes on the meat tenderness of the chicken were explored.
MATERIALS AND METHODS

Bird Management
White Leghorn chicks and a line of broilers were hatched at the same time and sexed. One-day-old chicks were permanently identified with wing bands. All of the chickens were reared in separate cages in a single house with the same feed and water supply system to minimize the influence of the environment. From hatch to 4 wk of age, birds received starter feed with 21% protein and 2,910 kcal of ME/kg. Then, a diet with 20% CP and 3,010 kcal of ME/kg was provided. At 6 wk of age, 60 broilers and 60 White Leghorn chickens, 30 males and 30 females in each group, were measured for BW and slaughtered. The remaining White Leghorn chickens continued to be raised to 18 wk, when 60 White Leghorn chickens with an equal number of males and females were weighed and killed. All birds were managed according to conventional practice. Birds were handled in accordance with the principles and procedures outlined by China Agricultural University's Animal Care and Use Committee.
Meat Quality Measurements
After sodium pentobarbital injection, birds were harvested. After the left muscle of breast was removed for quality detection, the whole chicken was immerged in 10% (vol/vol) buffered formalin fixative pH 7.0 at 4°C for at least 2d. After fixation, the right side of the breast muscle was removed. A proper sample was taken from the anterior portion of the breast by dissecting along the lengthwise muscle fiber orientation. Samples were processed as described by Velleman et al. (2003b) .
The pH value was determined using a pH Star probe CPU (pH-Star, Matthäus, Pöttmes, Germany). The drip loss and cooking loss were tested with the traditional method (Honikel, 1998) . Samples were cooled to room temperature after cooking at 72°C for 40 min, and then samples were trimmed to 1 × 1 cm cross-section strips. Shear force value (SFV) and the total energy of shear force (TESF) were detected on a texture analyzer (Stable Micro Systems, Godalming, UK).
Muscle Characterization
Muscle sections were stained with hematoxylin and eosin to observe the morphology of the muscle tissue. The images of the slide were captured by the digital microscope camera link with a biological microscope (YS100, Nikon, Tokyo, Japan). An image analyzer (Image Pro Plus 5.0, Media Cybernetics, Silver Spring, MD) was used to score all of the parameters in the section. At least 50 fibers in each picture were measured to get the mean of the fiber diameter. Fibers in 1 mm 2 were used to present the fiber density. The thickness of endomysium (EMT) was measured with the membrane of myofiber and PMT with the membrane of muscle bundle. Both traits were recorded by the measurement distance tool Image Pro Plus 5.0. One square millimeter field per slide was properly identified, and then 30 measure points in the area were randomly selected to get the mean value of EMT and PMT, respectively. To test the sarcomere length, samples were soaked into 20% HNO 3 solution for 24 h and then treated with 0.08 M KCl. Then samples were stirred and a smear was made from each sample to view the sarcomere through the biomicroscope.
Statistical Analysis
The GLM procedure of SAS (SAS Institute Inc., Cary, NC) was used to analyze the data of the 2 breeds and the variables of them. Variations of SFV, TESF, fiber diameter, EMT, and PMT were analyzed by the GLM procedure. The model was as follows:
where Y ijk = the measurement of the muscle characteristics in the 3 groups; GROUP i = group effect; SEX j = sex effect, GROUP i × SEX j = interaction between group and sex effect; and e ijk = the random residual effect. The regression of PMT and fiber diameter was analyzed by the GLM regression procedure. Because the previous studies reported inconsistent effects of fiber diameter on meat tenderness, the partial correlation of SFV with the tissue characteristics, corrected for fiber diameter, was analyzed by the GLM partial correlation procedure with a data set combining broilers at 6 wk and White Leghorns at 18 wk.
RESULTS AND DISCUSSION
The experimental birds at the same age or with similar BW, or both, offered proper samples to evaluate the chicken meat tenderness and muscle membrane. Effects of different group, sex, and their interaction on muscle characteristics were shown in Table 1 . Group (breed and age) showed significant effects for all traits excluding the sarcomere length observed, whereas sex effect and interaction played much smaller roles. There was no significant interaction effect and sex effect on PMT. However, significant sex effect on EMT was observed. The measurement of meat quality traits and muscle characteristics for the 3 groups was shown in Table 2 . The BW and breast muscle weight (BMW) were greater in broilers than White Leghorns at 6 wk of age. The BW of broilers was approximately 4 times that of White Leghorns, and the BMW of broilers was more than 5 times that of White Leghorns. The result was consistent with the results of other researchers (Deeb and Lamont, 2002; Lonergan et al., 2003) . Muscle mass had been dramatically increased in broilers chicken in past decades through intensive selection for rapid growth and meat production, which also brought enormous changes to chickens in meat quality. In the present study, the pH value of broilers (5.90) was lower than that of White Leghorns at 6 wk (5.64) (P < 0.01), whereas the drip loss and cooking loss of broilers (2.24 and 21.76%, respectively) were less than those of White Leghorns (2.93 and 23.99%, respectively) (P < 0.01). No significant difference in drip loss and cooking loss was found among different broiler lines (Berri et al., 2001 ). The higher water-holding capacity in broilers was correlated with their thicker membrane. The SFV and TESF are the indices that reflect meat tenderness, and the SFV of White Leghorns was significantly larger than that of broilers, whereas there was no significant difference between broilers and White Leghorns on TESF for the large variation on this value at 6 wk of age.
These differences in growth rate and meat quality were caused by the changes at tissue level. It had been reported for several species that muscle mass yielded by hypertrophy and hyperplasia of muscle fiber (Burke and Henry, 1997; Scheuermann et al., 2004) . The diameter of muscle fiber in broilers (29.47 μm) was approximately twice that in White Leghorns (17.53 μm) at 6 wk of age (P < 0.01) ( Table 2 ). This result was consistent with the previous study (Velleman et al., 2003a; Scheuermann et al., 2004) . There was no difference between the 2 breeds in sarcomere length at the same age (6 wk). The density of muscle fiber in broilers was much smaller than that in the White Leghorns because the larger fibers in broilers take up more space. The EMT and PMT of broilers were significantly greater than those of the White Leghorns as shown in Table  2 and Figure 1 . Hypertrophy is an important way to yield more muscle besides hyperplasia and elongation. Hypertrophy not only enlarges fibers but also makes the muscle membrane thicker. Endomysium included in muscle membrane grew thicker for meeting the need of nutrition supply in broilers (Velleman et al., 2003a ). Significant regression (P < 0.01) between EMT and fiber diameter for the White Leghorns at 6 wk is shown in Figure 2 , and similar regression was observed in the other 2 groups. This result manifested that the factors affecting meat tenderness interacted with each other.
For comparison of meat quality and muscle characteristics at market time between broiler type and other slow-growing types of chicken, the White Leghorns were raised to 18 wk of age to reach a similar BW as 6-wk-old broilers. The results showed that the BMW of 2 SFV = shear force value. 3 TESF = total energy of shear force.
*P < 0.05; **P < 0.01; ***P < 0.001. broilers was larger than that of the White Leghorns (P < 0.01). The high breast yield of broilers may be due to increased myofiber number (Scheuermann et al., 2004) . The pH of White Leghorns was significantly lower than that of broilers. The drip loss and cooking loss of broilers were less than those of White Leghorns (P < 0.01). The SFV and the TESF of broilers were smaller than those of White Leghorns (P < 0.01), which meant that the meat of broilers was more tender than that of White Leghorns at the market time. In the chicken, postnatal growth of skeletal muscle is accompanied by growth of individual myofibers because the number of myofibers does not increase after hatching (Smith, 1963) . Characteristics of growth and time course for full growth of each muscle were unique in chicken (Ono et al., 1993) . There were no differences between the 2 groups in sarcomere length and fiber density as the data show in Table 2 . The EMT of broilers (8.53 μm) was larger than that of the White Leghorns (6.61 μm) (P < 0.01), whereas the PMT of broilers (28.49 μm) was much smaller than that of the White Leghorns (39.56 μm) (P < 0.01) as shown in Figure 1 . The elder White Leghorns had a smaller EMT but a bigger PMT than that of broilers at 6 wk of age, suggesting that the growth of endomysium and perimysium might be regulated separately. The PMT Figure 1 . Fiber diameter and the thickness of perimysium and endomysium of different breeds at different ages. A. Broilers at 6 wk of age. B. White Leghorns at 6 wk of age. C. White Leghorns at 18 wk of age. Bar = 50 μm. F = muscle fiber; P = the thickness of perimysium; E = the thickness of endomysium. Color version available in the online PDF. and EMT had significant but different effects on SFV when the effect of myofiber was excluded, as shown by the partial correlation coefficients in Table 3 . The PMT had positive correlation (0.20) with SFV (P < 0.05), whereas EMT had negative correlation (−0.29) with SFV (P < 0.01). Endomysium, perimysium, and epimysium make up a network of total membrane (Lepetit, 2008) . Perimysium represents about 90% of total connective tissues in muscles (McCormick, 1999) and its amount varies much more from one muscle to another than the amount of endomysium. They probably had different functions in muscle: endomysium was responsible for nutrition supply (Velleman et al., 2003a) and perimysium functioned more for posture maintenance and power transmission (Kovanen et al., 1984 (Kovanen et al., , 1987 . Collagen was the main component in muscle membrane (Weston et al., 2002) .The SFV of raw meat was highly correlated with collagen content in chicken (Liu et al., 1996) . Most studies have shown that the smaller the fiber size, the more tender the meat (Lepetit, 2008) . However, Mutungi et al. (1996) demonstrated that the smaller the diameter of pork, the higher their strength. These studies suggested that that besides myofiber size, muscle membrane was also an important factor for meat tenderness formation in birds.
In conclusion, the PMT, EMT, and fiber diameter are involved in determining meat tenderness of the chicken. When evaluating the meat quality of the chicken, muscle membranes should be considered in addition to myofiber characteristics. *P < 0.05; **P < 0.01.
